Acoustic emission (AE) was used to observe cracking processes in hardening silica fume cement paste and mortar with low water/binder ratio due to early-age autogenous shrinkage and thermal dilation. Comparative AE measurements were performed on specimens with and without external restraint of deformation. Simultaneously the unrestrained deformation was registered. The preliminary results presented in this paper showed that intense autogenous shrinkage occurred during the acceleration period of hydration. In both cement paste and mortar this was associated with the beginning of micro cracking shortly after setting irrespective of the existence of external restraint. The micro cracking was clearly more pronounced in the case of external restraint of deformation. The addition of aggregates reduced the deformations and altered the early-age cracking significantly. Less acoustic events with lower energies were registered in the mortar. It was found that in the first two days of hardening the cracking occurred mainly due to the internal restraint by the aggregates.
INTRODUCTION
High-performance concretes show a higher proneness to early-age cracking than conventional concretes which is a consequence of restrained volume changes due to autogenous shrinkage and thermal dilation. The measurement of shrinkage and thermal dilation as well as the resulting stress developing in restrained specimens may be performed with temperature-stress testing machines [e.g. [1] [2] [3] [4] . These tests provide information of potential cracking and failure of the concrete specimen. No information however is given concerning the cracking process. Since the early-age cracking may degrade seriously the designed mechanical properties and the expected durability of the concrete structure it is necessary to detect and quantify the cracks. Using special preparation techniques [4] , which may prevent damages due to preparation, optical or scanning electron microscopy may provide valuable results. However, with these methods the cracks are observed at given ages and no conclusions can be drawn on the time at which cracking appeared nor to which extent the cracks developed during previous hardening.
Detection of early-age crack formation and cracking progress is possible with acoustic emission (AE) techniques, as was shown in previous studies [5] [6] [7] . The aim of our ongoing research is the monitoring and evaluation of cracking processes in HPC due to eigenstresses as a consequence of early-age deformations. In a first step AE measurements were performed on hardening silica fume cement paste with low water/binder (w/b) ratio. In order to study the influence of restraint by structural members the measurements were performed simultaneously with and without external restraint of deformation. In a second step the influence of internal restraint by aggregates on the cracking behaviour was investigated. For this purpose comparative measurements were performed on a mortar with equal cement paste composition. In the following the preliminary results of the study will be presented which permit to draw first conclusions.
EXPERIMENTAL

2.1
Acoustic emission Acoustic emission techniques use the fact that crack formation in elastic solids generates sudden material displacements. A part of the stored potential energy is transformed into kinetic energy. The material displacements propagate as elastic waves which can be detected on the surface of the specimen using piezo-electric sensors. Velocity of wave propagation, frequency and attenuation depend on the elastic properties of the material. The signals (hits) detected by each sensor are amplified, converted and stored for analysis ( Figure 1 ). Stored data contains AE features as arrival time, amplitude and acoustic energy as well as the complete waveform. 
2.2
Experimental setup For the investigations a cement paste and a mortar were prepared. The cement used was a commercial Portland cement CEM I 42.5 R. Silica fume was added to both mixtures. In order to achieve a good workability a polycarboxylate superplasticiser (PCE) was added. The composition of the mixtures is given in Table 1 .
The mixtures were cast in prismatic steel moulds (40 mm × 40 mm × 300 mm, thickness of the plates: 10 mm) with a high stiffness. Friction between specimen and mould during the deformation measurements and noises due to the friction were reduced by a plastic film on a polyester fleece attached inside the moulds. After casting the moulds were covered with a film and a plexiglass panel, sealed by a tight adhesive tape. The temperature was measured simultaneously in a reference specimen. AE signals were recorded with a Vallen AMS3 system. SE 150 sensors with a resonant frequency of 150 kHz were used. The AE sensors were coupled to the specimen through openings in the cover with Vaseline.
In order to investigate the influence of external restraint the moulds were mounted with two different configurations of end plates. The mould without restraint of deformation was mounted with PVC end plates stringed with a thin PE film. For the deformation measurement linear displacement transducers (LDT) were linked to small screws which transfixed the film ( Figure 1 ).
AE sensor cast-in screws
LDT AE sensor cast-in screws LDT Simultaneous measurements of AE, deformations and temperature started approximately 45 minutes after addition of water. All tests were performed at a room temperature of 20 °C.
RESULTS AND DISCUSSION
3.1
Hardening cement paste The method of deformation measurement allowed to record the deformation before setting occurred. However, it seems evident that these very early deformations have no influence on the subsequent stress and crack development after setting. Shrinkage may induce eigenstresses when a solid structure has formed (time t 0 ) in which tensile stresses may be transferred [8] . Cracks are generated if the tensile stress exceeds the tensile strength of the cement paste. In the presented study t 0 was determined as the moment when the deformation curve showed an inflexion point during the acceleration of hydration (increase of temperature). In both, cement paste and mortar t 0 occurred approx. 7 hours after the addition of water. In general t 0 occurred later than the final setting determined with standard needlepenetration tests [9] . Figure 4a shows the deformation and the temperature of the cement paste. The deformation may be divided into three stages. Shortly after the start of measurement an intensive deformation occurred. This was followed by a period without any deformation. It is assumed that the deformation observed in this stage was due to the cooling of the cement paste. The second stage was characterised by intensive shrinkage during setting and ended shortly before the maximum temperature of the specimen was reached. The shrinkage occurred in this stage amounted about 40 % to the deformation after 5 days. In the following stage shrinkage proceeded continuously at a slower rate.
The comparison of the deformation curve with the results of the AE measurements shows that shortly after t 0 an increasing number of acoustic events (hits) with significant energy were registered irrespective of the existence of external restraint (Figures 4b and 4c) . This was attributed to the formation of micro cracks. Obviously in this period the internal tensile stress exceeded the tensile strength of the developing structure. The Figures show as well that micro cracking in the cement paste specimen was much more pronounced if the deformation was externally restrained, even though initial acoustic events due to friction between the specimen and the anchorage are considered. The number of acoustic events in the restrained specimen was significantly higher than in the specimen without restraint. In this period the signals were emitted with similar acoustic energies, indicating a continuous internal micro cracking.
Approx. 40 hours after the start of measurement from the restrained specimen only few and from the unrestrained specimen no acoustic events were emitted even though unrestrained shrinkage was increasing in this period. Due to the increasing tensile strength of the structure new cracks were hardly generated. Since autogenous shrinkage proceeded it is assumed that tensile stresses increased in the restrained specimen even though relaxation may have occurred. In fact after approx. 62 hours a sudden increase of emitted acoustic energy was registered in the restrained specimen due to a single acoustic event. The rupture of the restrained specimen observed after demoulding presumably occurred at this moment ( Figure 5 ). 
Hardening mortar
The measured deformation of the mortar was approximately half the deformation of the cement paste (Figure 6a ). The increase of temperature was less pronounced as well. Lower deformation and temperature were a consequence of the reduced cement paste content. However, the progression of both deformation and temperature curve of the mortar coincided well with those of the cement paste. The deformation of the mortar was almost similar to the deformation of the cement paste. It may be divided into three stages as well. In contrast to the cement paste the mortar exhibited a slight expansion shortly before the second stage when the intense shrinkage occurred. As in the cement paste the shrinkage in the second stage amounted about 40 % to the deformation measured until the end of the test after 5 days. As in the cement paste specimens an increasing number of acoustic events (hits) with significant acoustic energy were registered in mortar specimens shortly after t 0 (Figures 6b  and 6c) . However, the total number of these events as well as the total emitted acoustic energy was significantly reduced compared to the cement paste. This may be attributed to several reasons. One reason possibly was the reduced shrinkage of the cement paste matrix of the mortar. Considering the volume fraction of the aggregates of 33 %, the shrinkage of the mortar should have been 67 % of the shrinkage of the plain cement paste (assuming a simple composite model). In fact only about 50 % of the cement paste shrinkage was measured. The reduced shrinkage of the cement paste matrix may have resulted in lower tensile stresses. In addition less cement paste in which cracking may occur was present in the mortar specimen. Both reduced cement paste content and lower tensile stresses would result in decreased cracking. Another reason for the apparently reduced AE activity probably was the higher attenuation in the mortar as a consequence of increased reflection and scatter at the phase transitions due to the more inhomogeneous structure caused by the aggregates. Furthermore the incorporation of aggregates is supposed to lead to smaller and well distributed cracks. It is therefore assumed that a part of the cracking emitted signals with energies below the adjusted threshold of the AE system and thus was not detected.
In addition during the first 53 hours number and total energy of the acoustic events emitted from the restrained mortar specimen were almost similar to those of the mortar specimen without restraint. Obviously in this period the internal restraint of deformation by the aggregates was dominating. Cracking due to internal restraint is confirmed by comparison with the results of the AE measurements on the unrestrained cement paste specimen. Already after 40 hours no acoustic events were registered whereas in the unrestrained mortar specimen the emission of acoustic events continued.
In contrast to the unrestrained specimen in the period from 53 to 62 hours an increasing emission of acoustic energy was registered in the restrained specimen (Figure 6c ). This energy was emitted by a high number of acoustic events (Figure 6b ). Obviously increased crack formation or growth occurred in this period which did not result in a rupture of the specimen during the measurement. After demoulding external cracks were not visible to the naked eye.
CONCLUSIONS AND OUTLOOK
The preliminary investigations showed that acoustic emission (AE) techniques allow for a continuous detection of crack processes due to early-age autogenous shrinkage and thermal dilation in hardening cement paste and mortar. Interpretation of the AE results was facilitated by the measurement of unrestrained deformation and temperature of the hardening specimens. Therefore it was possible to determine the time t 0 which assigns the transition from the plastic state to a solid structure in which tensile stresses may be transferred.
In the presented study significant increase of registered acoustic events occurred approx. 45 minutes after t 0 in all tests, indicating that cracking started at this moment irrespective of the existence of external or internal restraint. However, with ongoing hydration the emitted AE signals differed substantially in dependence on the nature of restraint (internal by aggregates or external) with respect to number and energy.
As expected in the restrained cement paste specimen clearly more signals with higher energy were registered than in the cement paste specimen without external restraint of deformation. In this period the signals were emitted with similar acoustic energies, indicating a continuous internal micro cracking. From the restrained specimen one sudden AE signal with a high energy release was registered after approx. 62 hours, indicating the rupture of the specimen. In contrast to the cement paste in the mortar the micro cracking was obviously less pronounced. The number of the registered AE signals and also the accumulated acoustic energy was significantly reduced. This was presumably due to the significantly decreased shrinkage (half the shrinkage of the cement paste) as a consequence of the reduced cement paste content in the mortar specimens. It was found that in the first two days of hardening the internal restraint of deformation by the aggregates was dominating the cracking in the mortar specimens. This was confirmed by comparison with the results of the AE measurements on the unrestrained cement paste specimen.
In order to verify the results of the AE measurements additional investigations are necessary. In the meantime polished thin sections are prepared from the investigated specimens with special preparation techniques for microscopic analysis of the different crack patterns. Furthermore it will be attempted to locate single acoustic events in order to observe cracking processes with spatial resolution. For this purpose the application of several sensors and the acquisition the developing acoustic velocity in the specimen during hardening is required. This will be realised with a modified AE system which allows also the measurement of ultrasound velocity. The acquired data may be the basis of a temporal and spatial visualisation of the cracking processes using non-destructive micro X-ray computer tomography [10] . The application of these innovative measuring techniques in combination with the investigation of the developing mechanical properties seems promising to broaden the comprehension of cracking processes in hardening HPC induced by stresses due to earlyage autogenous shrinkage and thermal dilation.
